0-methylation of 2,6-dibromophenol was studied in cell extracts prepared from Rhodococcus sp. strain 1395. 0-methylation activity was enhanced by the addition of S-adenosyl-L-methionine but was not affected by the addition of 5-methyltetrahydrofolate nor by up to 10 mM MgCl2 or EDTA. By using 2,6-dibromophenol, 4,5,6-trichloroguaiacol, and pentachlorothiophenol as the substrates, 0-methylation activity was also demonstrated in extracts from two other Rhodococcus sp. strains, an Acinetobacter sp. strain, and a Pseudomonas sp. strain. A diverse range of chloro-and bromophenols, chlorothiophenols, chloro-and bromoguaiacols, and chloro-and bromocatechols were assayed as the substrates by using extracts prepared from strain 1395; all of the compounds were methylated to the corresponding anisoles, veratroles, or guaiacols, which have been identified previously from experiments using whole cells. The specific activity of the enzyme towards the thiophenols was significantly higher than it was towards all the other substrates-high activity was found with pentafluorothiophenol, although the activity with pentafluorophenol was undetectable with the incubation times used. For the chlorophenols, the position of the substituents was of cardinal importance. The enzyme had higher activity towards the halogenated catechols than towards the corresponding guaiacols, and selective 0-methylation of the 3,4,5-trihalogenocatechols yielded predominantly the 3,4,5-trihalogenoguaiacols. As in experiments with whole cells, neither 2,4-dinitrophenol, hexachlorophene, nor 5-chloro-or 5-bromovanillin was 0-methylated. The results showed conclusively that the methylation reactions were enzymatic and confirmed the conclusion from extensive studies using whole cells that methylation of halogenated phenols may be a significant alternative to biodegradation.
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We have previously demonstrated the 0-methylation of chloroguaiacols by dense cell suspensions of a number of gram-positive and gram-negative bacteria as well as by cultures of gram-positive strains growing at the expense of various carbon sources (1) . In addition, we have shown that a structurally diverse range of chloro-and bromophenols are 0-methylated to the corresponding anisoles. These results led us to propose that the 0-methylation reaction may be an environmentally important alternative to biodegradation (2) .
A number of issues remain unresolved; however, these issues cannot readily be addressed by experiments with whole cells, in which permeability barriers could account for the failure to observe 0-methylation of some compounds. We know of only one previous study (19) that has demonstrated bacterial 0-methylation of substituted phenols in cell extracts of a bacterial strain, in that case one classified as a Mycobacterium sp., although recently Drotar et al. (7) examined the corresponding reaction in a number of aromatic thiols, including the heterocyclic compounds benzthiazole-2-thiol and purine-6-thiol.
Therefore, we have examined the 0-methylation activity of cell extracts from several strains of bacteria in which we found activity in whole cells. The results showed without ambiguity the following facts. (i) The 0-methylation reaction was enzymatic. (ii) The natural methyl donor was probably S-adenosyl-L-methionine. (iii) Extracts prepared from grampositive strains generally displayed considerably higher activity than those prepared from gram-negative strains. (iv) The structure of the phenolic substrates was of cardinal importance in determining the rates of 0-methylation. * Corresponding author.
MATERIALS AND METHODS
Substrates. The fluoro-, chloro-, and bromophenols and the thiophenols were of the highest commercially available purity; each had a gas chromatographic (GC) purity of >98%, and all of them were free of anisoles. The thioanisoles were prepared from the thiophenols by methylation with dimethyl sulfate in KOH solution-pentachlorothioanisole was purified by recrystallization from methanol, and 2,6-dichloro-and pentafluorothioanisoles (which were liquids) were purified by chromatography on silica gel (Kieselgel 60, 70/280 mesh; Merck). 4,5,6-Tribromoguaiacol was prepared by brominating guaiacol with excess bromine in carbon disulfide for 24 h at room temperature. The solvent was removed, and the product was crystallized from hexane and then from toluene. By analogy to the chlorination of guaiacol, which produced 4,5,6-trichloroguaiacol exclusively (13), we assumed that this product was the 4,5,6-tribromo-compound. The mass spectrum of the 0-acetate had a parent ion (m/z, 300) corresponding to C9H7Br3O3.
3,4,5-Tribromocatechol was prepared by brominating catechol with 3.5 mol of bromine in acetic acid at room temperature. The solvent was removed, and the residue was crystallized repeatedly from hexane. The resulting product still contained small amounts of the di-and tetrabromocatechols but was purified by high-performance liquid chromatography by using a semipreparative Nucleosil (MachereyNagel, Duren, Federal Republic of Germany) C18 column (particle size, 5 ,um) with a mobile phase of acetonitrilephosphate buffer (50 mM, pH 3.0) (60:40, vol/vol) with a flow rate of 1.0 ml min-1. The detector system was set at a wavelength of 284 Assay of enzyme activity. Enzyme activity was assayed on the basis of the rate of formation of the appropriate anisoles, veratroles, and guaiacols, which were quantified by GC analysis. The reactions were carried out in 10-ml tubes with Teflon-lined screw caps. The tubes contained cell extract (100 to 200 ,ul, ca. 1.0 mg of protein), 40 nmol of S-adenosyl-L-methionine p-toluene sulfonate (Sigma Chemical Co.) (20 ,u, 2 mg* ml-'), 30 to 60 nmol of the substrate (20 ,ul of a solution in water or acetone, 500 ,ug ml-'), and the appropriate buffer to a total volume of 1.0 ml. It was shown that, at this concentration, acetone had no effect on the enzyme activity. In experiments in which the thiophenols were the substrates, it was essential to use freshly prepared solutions in acetone to avoid serious interference from chemically produced oxidation products in the analysis of the thioanisoles. 5-Methyltetrahydrofolate (Sigma) (final concentration, 40 ,uM), EDTA (final concentrations, 1 and 10 mM), and magnesium chloride (1 and 10 mM) were added as necessary. The assay mixture was incubated in darkness with shaking at 22°C, and the reaction was stopped after 60 min by addition of 1 drop of 6 M HCI. The effect of pH was examined in phosphate buffer at pH 6.0 and 7.0, in Tris buffer at pH 7.0, 8.0, and 9.0, and in glycine buffer at pH 9.0 and 10.0; the buffer concentration was 50 mM. Appropriate control tubes were incubated without the cell extract or without S-adenosyl-L-methionine, or the extracts were boiled for 10 min. All measurements were carried out in duplicate, which differed by <10%; specific activities are given as picomoles of product formed per minute per milligram of protein.
Analysis of the anisoles and veratroles. Anisoles and veratroles were analyzed as described previously (2) . The assay mixture was acidified with a few drops of 6 M HCI, extracted with 1.5 ml of a mixture of t-butyl methyl ether-hexane (1:2, vol/vol) containing the appropriate internal standard (pentachlorobenzene or hexachlorobenzene), and then further extracted with the same solvent mixture but lacking the internal standard. The combined organic phase was washed with 2 ml of 1 M KOH to remove excess phenol and assayed by using anisole and veratrole standards.
Analysis of the halogenated guaiacols. Analysis of the halogenated guaiacols necessitated their conversion into the O-acetates, and it was found that acetylation was also advantageous for analysis of the thioanisoles; interference from chemically produced oxidation products of the unreacted thiophenols was thereby reduced to a minimum. Therefore, the following minor modifications of the procedure described above were introduced. (i) Solid ascorbic acid (ca. 20 mg) was added to the acidified sample. (ii) The combined extracts were dried (Na2SO4) before acetylation, and after acetylation, excess acetic anhydride was removed by shaking the extracts for 5 min with 0.8 M K2CO3 (4 ml).
Identification of the products. Most of the metabolites, which were neutral compounds, have already been characterized in previous studies with whole cells. Therefore, in these cases the products were identified solely on the basis of comparison of the relative GC retention times with those of known standards. The thioanisoles and the halogenated guaiacols formed from the catechols were identified additionally on the basis of electron impact mass spectrometric 
RESULTS AND DISCUSSION
The data summarized in Table 2 showed that the 0-methylation reaction was mediated by a soluble enzyme which probably used S-adenosyl-L-methionine as the natural methyl donor and which was not adversely affected by the presence of up to 10 mM magnesium chloride or EDTA. The enzymatic reaction was linear up to protein concentrations of ca. 1 mg. ml-', was essentially linear with time up to 60 min, and had a pH optimum of ca. 7.0 (Fig. 1) .
All of the products formed were identical to those synthesized by the whole-cell suspensions which we have examined. The products from the thiophenols were conclusively identified by mass spectrometric comparison with known compounds (Fig. 2) . Mono-O-methylation of the chloro-and bromocatechols to the guaiacols was demonstrated, and the predominant products (>80%) from the trihalogenated compounds were the 3,4,5-isomers (Fig. 3) . This finding is consistent with that of a previous experiment using cultures of the same strain (1395) growing at the expense of 4- hydroxybenzoate (1) . Consistent with the studies using whole cells, the activity of extracts from the gram-positive strains (1395 and 1632) was significantly greater than that of extracts from the gram-negative strains (1631 and 1678) ( Table 3) . These results reinforce our contention that 0-methylation may be accomplished effectively, particularly by gram-positive organisms.
The enzyme was clearly able to methylate a structurally diverse range of halogenated phenolic compounds. Nonetheless, there were significant differences in enzymatic activity towards the various substrates (Table 3 and Table 4 ), and these results were entirely consistent with the data from experiments which used whole cells (1, 2). Although 0-methylation of pentafluorophenol had been demonstrated with whole-cell suspensions (2) , the rate of pentafluorophenol 0-methylation by cell extracts was too low to be measured after incubation for 1 h. Specific activities for the other substrates ranged over at least two powers of ten between 3,4,5-trichlorophenol (specific activity, 0.7) and 2,6-dichlorothiophenol (specific activity, 105). The significance of a number of structural effects clearly emerged: (i) the pattern of substitution, e.g., 2,4,6-versus 3,4,5-trichlorophenol; (ii) the markedly greater activity of the halogenated thiophenols compared with the corresponding phenols, which is consistent with the fact that the former compounds are much more effective nucleophiles than the latter; (iii) the greater activity of the halogenated catechols than that of the corresponding guaiacols; and (iv) the apparent lack of a consistent effect of substituting bromine for chlorine.
For the gram-positive strain 1395, there was only a moderately significant correlation (P = 0.08) between the specific activity observed for whole cells and that found in the cell extracts.
It should be noted particularly that whereas all of the simple halogenated phenols and thiophenols (with the exception of hexachlorophene) were methylated either by cell extracts or by whole cells, there were some significant exceptions. 5-Chlorovanillin and 2,4-dinitrophenol were not methylated by whole cells of strain 1395 and were apparently degraded without forming detectable intermediates (unpublished results); neither of these compounds nor 5-bromovanillin was methylated by cell extracts. Therefore, permeability barriers were not responsible for the resistance of these compounds to 0-methylation, and it is probable that the presence of the strongly electron-attracting aldehyde and nitro groups renders the electron density on the phenolic groups too low for reaction with the methyl group of S-adenosyl-L-methionine. Therefore, these results serve to underline our contention (2) that 0-methylation of halogenated phenolic compounds should be regarded as an important alternative to biodegradation.
The specific activities were of the same order of magnitude as those found for 0-and S-methylation of substituted phenolic compounds in investigations in other laboratories using bacterial cell extracts. Our results were comparable to those of a Japanese study (19) using extracts from a Mycobacterium sp. assayed against a range of chlorophenols, tetrachloroguaiacol, tetrachlorocatechol, and two polyhalogenated thiophenols, although our activity was more stringently dependent on the structure of the substrate. The enzymatic activities found in the present investigation were broadly similar to the thiol methyltransferase activities found in a recent study (7) using extracts from a Corynebacterium sp. and from three Pseudomonas sp. strains assayed against 2-nitrothiophenol and benzthiazole-2-thiol. In the protein-') was found when 4,5,6-trichloroguaiacol (100 ,g. liter-') was present during the last 10 h of growth with 4-hydroxybenzoate. Therefore, we suggest that the 0-methylation activity was constitutive. This is consistent with our previous finding 0-methylation was elicited effectively during growth of the cells with betaine, gluconate, or succinate (1). These results are environmentally significant since they imply that cells do not require previous exposure to a xenobiotic compound to accomplish its 0-methylation. These results confirm and extend our hypothesis that the 0-methylation of halogenated phenols, guaiacols, catechols, and thiophenols may be a significant alternative to biodegradation. In view of the known toxicity and bioconcentration potential of these neutral metabolites (18) , this reaction may be of particular environmental significance and may provide at the same time a plausible rationalization of the occurrence in the environment of halogenated anisoles having no established anthropogenic origin (see the references in reference 1). The environmental occurrence of thioanisoles, however, is more complex. Their presence in environmental samples (4, 5) must be interpreted with caution since it is mechanistically more likely that they are formed from non-sulfurcontaining precursors by nucleophilic displacements mediated by a glutathione-dependent reaction; for example, this process has been demonstrated unambiguously with a number of microorganisms by using 1-chloro-2,4-dinitrobenzene as a substrate (12) and in more detail with T. thermophila by using pentachloronitrobenzene as a substrate (15) .
To put these observations on cell-free 0-and S-methylation into environmental perspective, one must take into consideration a number of additional facts. (i) Neither reaction is confined to procaryotic organisms, since 0-methylation is well documented in a number of fungi (6, 11) and S-methylation has been demonstrated in two protozoa, Euglena gracilis (9) and T. thermophila (10) , and in the yeast Saccharomycopsis lipolytica (8) . (ii) Although the methylation reaction has hitherto been restricted to aerobic organisms, the demethylation of chloroanisoles and chloroveratroles which has been demonstrated under anaerobic conditions (17) is probably widespread in anoxic sediments. ( iii) The occurrence of halogenated anisoles in air samples from isolated regions (3) is consistent with the relatively high vapor pressures of these compounds and illustrates nicely the complexity of distribution patterns which may emerge.
Therefore, a satisfactory assessment of the fate and persistence of halogenated phenols and thiophenols discharged into the aquatic environment should take into account all of these additional factors.
